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Air Force Research Laboratory, Edwards AFB, CA 93524 

An experimental study on the effects of an externally-imposed transverse acoustic field in 

a flush shear coaxial jet is presented.  In this case the inner jet recess is zero and both the 

inner and outer jet exit planes coincide.  Since recess is a design variable used when 

designing new injectors, this study complements previous studies from this group where the 

injector geometries included a recess.  The shear coaxial injector used here is similar to those 

used in cryogenic liquid rockets. By using N2 as the working fluid, the chemistry effects are 

separated from the effects of a transverse acoustic field on coaxial jets. The acoustic field is 

generated by two piezo-sirens whose resonant frequency is ~3kHz.  The acoustic pressures 

generated are about 2-4% the value of the chamber pressure.  The phase angle between 

these two sources is varied at 45 degree intervals. Two values of pressures are studied, 1.5 

MPa (Pr=0.45) where the flow is subcritical and 3.6 MPa (Pr=1.05) where the pressure is 

nearcritical.  The outer to inner jet velocity ratio varies from ~1.5 to 17 and the outer to 

inner jet momentum flux ratio (J) varies from ~0.09 to 20.  These ratios are mainly varied by 

changing the temperature and flow rates of the outer jet. At least 3000 backlit images were 

taken at 20-25 kHz for each run.  These images are the main analysis tool to study the jet 

behavior.  The most dramatic effects resulting in about 90% reduction of the length of the 

inner jet core were obtained at nearcritical conditions for the cases of J=1.7 and 3.5.    

I. Introduction 

WING to its ubiquity in modern rocket engine design, the sheer coaxial injector has been subjected to intense 

scrutiny. Its use in the Ariane V rocket Vulcain engine, Atlas V rocket RS-68 engine, and Space Shuttle Main 

Engine has given it prominence in the field of rocket injectors, making it a strong candidate for use in the next 

generation of lift vehicles. It is precisely this potential for use in safer, more efficient, and less expensive launch 

systems that has made a well-grounded understanding of its operational parameters a necessity to avoid unstable 

combustion. 

 In this paper, we are concerned primarily with the position of the inner jet post with respect to the exit 

plane of the outer jet. For cryogenic rocket engines, LOX is usually injected in the center post and hydrogen is 

injected into the outer jet. Kendrick et al [1] observed that a recessed internal LOX post contributed to an increased 

rate of mixing, and consequently a more rapid flame expansion. They proposed a simple model which indicates that, 

in a hotfire experiment, a small amount of combustion takes place within the injector recess, which can lead to more 

efficient mixing by effectively increasing the momentum flux ratio  between the outer (gas) and the inner 

jets (liquid).    This is in part corroborated by results from Sasaki et al [2] who noticed that by increasing the 

velocity ratio in a non-recessed swirl injector they could effect an increase in combustion efficiency. Their best 

performance was with a recessed swirl coaxial injector.  Subsequently, Juniper and Candel [3] showed that a 

recessed inner post has a large region of absolute instability as compared to a flush injector, following from self-

sustained wake-like flow instabilities that are seen only intermittently in the flush case. This has been corroborated 

by the work of Lux and Haidn [4], who found that a recessed LOX post leads to more rapid flame expansion and 

lesser combustion roughness, both of which are indicative of consistent better mixing. More recently, Moser and 
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Saffell [5] have noted that increasing the depth of recess improves engine efficiency by less than one percent for one 

diameter of recess, and slightly over four percent for two injector diameters of recess depth, indicating that the 

amount of time afforded to the jets to mix within the duct of the outer jet wall is a significant factor for these jets. 

 Furthermore, it is well known that the combustion chamber is an acoustically active environment. 

Glogowski et al [6] has indicated that the presence of a recess in a coaxial injector can lead directly to a resonant 

system, and has suggested that a possible mechanism leading to combustion instability is from acoustics in the 

chamber coupling in to the fuel and oxidizer supply system. Moreover, by spectral analysis, they showed that the 

system experienced more or less dramatic pressure fluctuations in the chamber plenum according to frequency. With 

regards to the Rayleigh Criterion, this demonstrates that the presence of a recessed coaxial injector, though capable 

of producing smooth combustion can, if improperly tuned, set up combustion instabilities. Smith et al [7] have 

continued this line of work by means of numerical models with discrete periodic forcing, which have been validated 

by experiment. They have demonstrated that the quality of the resonance experienced in the combustion chamber 

decreases with increasing Mach number of the flow and that the dominant mode, rather than harmonics, are 

generally responsible for combustion instabilities. Physically, their forcing is the equivalent of the acoustic modes of 

the injector itself—being a Helmholtz resonator—and they observe that the most deleterious effect on combustion 

stability occurs when the two modes couple efficiently.   

At the Air Force Research Laboratory (AFRL) non-reactive cryogenic experiments have been performed 

using a shear coaxial injector, with and without transverse acoustic forcing, first by Davis and Chehroudi [8].  Their 

data, along with data from other researchers they compiled,  showed that the inner jet dark core (related to the intact 

core or potential core) depends on J with a relation of the form AJ
-n

 + B, where n is 0.2 for two phase flows 

(subcritical pressures) and 0.5 for one phase flows (near and supercritical pressures).  Since the dark core is a 

qualitative indicator of mixing in this case, with better mixing achieved with shorter dark cores, then mixing 

efficiency increases as the velocity ratio and J values increase.  Leyva et al [9] continued work in this vein by 

characterizing the behavior of coaxial jets for a wide range of velocity ranges and J values with high speed backlit 

images (20-40 frames /s).  They found that there is an optimum range of J from about 1 to 5 for which acoustics has 

a statistically significant decrease on the dark core length of the inner jet for all pressures studied.  The range is even 

larger for subcritical pressures.   Both of those studies were completed with a fixed phase angle of the acoustic field 

with respect to the jet location since only one acoustic source was used and the geometry of the experiment was 

fixed.  Rodriguez et. al [10] modified the phase angle of the acoustic excitation at the jet location using twin 

acoustic sources. Their results have shown that acoustic excitation can result in much more rapid mixing than for a 

similarly acoustics-off case, and moreover that this occurs primarily for a range of J between one and four.  For part 

of that work the same injector as the one being used here was used except that in that case the inner jet was recessed 

about one half of the inner jet inner diameter value. 

 Little work, however, has been done on the effect of recess on the interaction of an externally imposed 

acoustic oscillation with the flow field of coaxial injectors. This research is necessary, however, because recess is a 

variable that engine designers use to fabricate new injectors.  

 

II. Experimental Setup 
 

The experimental studies reported in this paper were performed at the Air Force Research Laboratory (AFRL) 

located at Edwards Air Force Base, CA, in the Cryogenic Supercritical Laboratory, EC-4. An overview of the test 

section is shown in Figure 1. Gaseous N2 is used to supply the inner and outer jet flows and to pressurize the 

chamber. The outer and inner jets are cooled by LN2 in heat exchangers (HE’s) immediately preceding entry to the 

chamber; one HE was used for each jet to allow independent temperature (T) control.  This was effected by 

adjusting the flow rate of liquid nitrogen through the HEs. The mass flow rate through the inner and outer jets was 

measured with Porter mass flow meters (122 and 123-DKASVDAA) prior to cooling, since it was found that it is 

much easier to measure the flow rates at ambient rather than at cryogenic temperatures. The chamber pressure is 

measured with a Stellar 1500 transducer.  To keep the amplitude of the acoustic oscillations to a maximum near the 

jet, an inner chamber was created (Figure 1).  This inner chamber has a nominal height of 6.6cm, a width of 7.6cm 

and a depth of 1.3cm.  The dimensions of the injector are given in Figure 2A.  For all the cases presented here the 

inner jet was flush with the outer jet.  
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Figure 1. Overview of the Main Chamber of the Supercritical Flow Facility, EC-4 at AFRL/Edwards. 

 

Images of the injector and its placement within the chamber are shown in Figures 2-3, respectively. The 

temperature of the jets is measured with an unshielded type E thermocouple which has a bead diameter of 0.1mm 

and an accuracy of ±1 K as checked with an RTD. A Kulite XQC-062 pressure transducer is placed next to the 

thermocouple and used to measure the pressure at a sampling frequency of 20 kHz.  Both the pressure transducer 

and the thermocouple are moved in a volume around the jet with a piezoelectric positioning system built by 

Attocube Systems which can move in an area 3mm by 6 mm with step sizes in the order of 0.01mm. Vertical motion 

is achieved with a fine hand-screw.  For temperature profile measurements, the average distance from the exit plane 

is ~0.3 mm, though the system has the ability to insert the thermocouple into the recess of the injector if so desired. 

Properties such as density, viscosity, and surface tension are computed from the measured flow rates, chamber 

pressure and jet temperature, using NIST’s REFPROP [10].  From this, the velocity ratio (VR) and J for a given 

condition can be computed.  

 

 
Figure 2. A. Injector Cut-Away.  B: Injector Placement 

 

The jet is visualized by taking backlit images using a Phantom 7.1 CMOS camera.  The resolution of the images 

varies from 128x224 to 196x400 depending on chamber pressure and J, which in turn determines the size of the 

visible features of the jet under scrutiny.  Each pixel represents an area of about 0.08 mm x 0.08 mm with a framing 

rate of 20, 25 or 41 kHz.  The jet is backlit using a Newport arc lamp set at 140 W. The acoustic waves are 

generated using two piezo-sirens custom made for AFRL by Hersh Acoustical Engineering, Inc. (Figure 1).  These 

are operated by providing a sinusoidal signal from a function generator amplified to high voltage for use as the 

Acoustic Drivers 
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driving potential. These piezo sirens have a resonant frequency of approximately 3kHz.  The specific frequency to 

use for each run is found empirically by scanning a frequency range from about 2.9 to 3.1 kHz and choosing the 

frequency that has the most effect on the jet.  The distance between the two acoustic sources is about 67 cm and for 

a nominal driving frequency of 3kHz, there is about 8 wavelengths in this length.  However, even the outer diameter 

of the outer jet is very small compared to the characteristic wavelength so we operate in the long wavelength limit. 

To accommodate for the rectangular chamber a waveguide with a catenary contour is used to guide the waves from a 

circular cross-section to a rectangular cross-section (also shown in Figure 1). The sound acoustic pressure in the 

inner chamber ranges from 7 to 30 kilopascals (1 to 5 psi) peak-to-peak. 

 

III. Experimental Results 
 

A total of 12 conditions were run at subcritical pressure corresponding to a reduced pressure, Pr, of about 0.45, 

where Pr=Chamber pressure/Critical pressure of N2.  For that case, we have two phase flows since the inner jet is at 

the saturation temperature or a few degrees below and the outer jet is in the vapor phase.   A set of  6 conditions 

were run at nearcritical pressure (Pr=1.05).  In this case the jet flow is one phase since both fluids are slightly above 

the critical pressure.  The inner jet temperature is below the critical temperature (liquid-like state) and the outer jet is 

above the critical temperature.  For reference, the critical temperature, Tcr, for N2is 126.3K and the critical pressure, 

Pcr is 3.4 MPa. For each condition run one or two baseline cases were taken with the acoustics turned off.  Then, a 

series of cases were taken were the phase angle between the two acoustic sources (Figure 1) was varied from 0 to 

360 degrees (with 360 being a repeat of 0 degrees) in increments of 45 degrees.  This is to capture the full span of 

acoustic conditions at the jet location, from a pressure antinode to a pressure node.  At 0 degrees, the two acoustic 

sources are in phase and move towards each other as shown in Figure 3.  For this case, there is a pressure antinode 

(velocity node) at the center of the two sources, in other words at the injector location.  At 180 degrees, the two 

sources move away from each other forming a pressure node (velocity antinode) at the injector location.     

 

In what follows some of the most interesting cases run are presented in the form of image collages.  For each 

collage, ten instantaneous back-lit images are shown, each corresponding to a different phase angle tested.  The first 

case to be analyzed is for Pr=0.45 with J=0.09 (Figure 4).  This is the limit of a single jet since the outer jet is 

moving so slowly compared to the inner jet.  In the images the inner jet appears darker than the outer jet since it is 

colder and denser and thus the light from the lamp gets obstructed or deflected the most.  For the baseline case, the 

inner jet does not break within the field of view.  Despite the smooth appearance of the inner jet, it is turbulent at 

Re~104. This case shows a great effect from acoustics. In the phases around 0-45 and 270-360 degrees, the jet is 

violently destroyed by the acoustics and large sections of the liquid jet, big droplets and ligaments are noticeable 

after the first break of the jet.  In fact, for the case of 45 we can see discrete droplets and their trails.  This behavior 

contrasts sharply with the cases 135, 180, and to some extent 225, where the pressure gradient is small, and the local 

velocity oscillation is relatively large. In those cases, though the jet moves within the plenum, it moves as a whole, 

and therefore they have longer dark cores. The 180 degree excitation is particularly interesting in this regard—for 

some distance down the jet, it looks very nearly like the baseline case. However, necking is observed and  

   0 degrees    180 degrees 

Left 
Acoustic 

Driver 

Right 
Acoustic 

Driver 

Figure 3. Simplified diagram of the two acoustic drivers at a 0° and 180° phase angle 
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Figure 4. Collection of subcritical coaxial jet images for Pr = 0.45, J = 0.09. 

 

 

downstream of the neck there is much finer atomization of the jet.  Finally note that for all cases except for 180 

degrees, there is a toroidal vortex formed at the exit plane of the jet.   

 

The next case is at the same pressure but with J=1.93 (Figure 5). Comparing the baseline with the previous case, one 

can see that the inner jet is thicker and it breaks down within the field of view.  This widening of the inner jet is 

typical of higher J values. The jet shows more pronounced disturbances in the surface.  Also, one can observe a 

range of droplet sizes as we move downstream from the exit plane.  In the baseline case, it is possible to see a 

glimmer of light through the jet itself, reminiscent of the J=0.09 case. Especially noteworthy is, again, the difference 

between the 0 and 360 degree cases and those more toward the 180 phase. In all cases except 180 there are clear 

images of vortices forming on the surface of the inner jet. Since vortex lines can only terminate on walls, they must 

either penetrate the whole of the outer jet to terminate on the windows, without connecting, or form an annulus 

around the inner jet. The latter seems rather more likely. The cause for this corresponds to the compression and 

rarefaction around the inner jet caused by the acoustics. Certainly, the inner jet does break down in a similar fashion 

to the 0.09 case down the center line, but only after a sufficient length to allow for mixing. One further point is that, 

as the flow rates for the inner jet in both cases were very close, only the change in the outer jet can account for this 

particular change in spray behavior.  At 45 and 90 degrees there is region downstream from the first vortical 

structure with very fine droplets. At 180 degrees where we have a pressure node at the jet location there is a lack of 

toroidal vortex formation.  The jet is being moved as a whole. Cases 135 and, to some extent, 225, are particularly 

notable insofar as they show a transition from one behavior to the other. 

 

 

 

. 
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Figure 5. Collection of subcritical coaxial jet images for Pr = 0.45,  J = 1.93 

 

 
 

 

Figure 6. Collection of subcritical coaxial jet images for Pr = 0.45,  J = 7.9 
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 For the following case of J=7.9 (Figure 6), changes are occurring more with respect to intensity rather than 

fundamental form. Whereas the 0.09 case and, to some extent, the 1.93 case showed evidence surface disturbances  

in the inner jet for the baseline cases, in this case the outer jet has sped up and is carrying considerably more 

momentum, such that it blows along the surface of the inner jet and generates surface disturbances, much as a wind 

would do on a lake. Furthermore, the annular vortices of the boundary are significantly more pronounced in the 0 

through 90 degree cases—the presence of a strong black protrusion from the center jet indicates that mass jet from 

the inner  is being pulled away quite strongly in these cases. At the other phase angles mass is still being pulled from 

the inner jet to some extent, but not nearly as much, and the vortex appears to involve mass moslty from the outer 

boundaries of the inner jet and the outer jet.  For the 180° case, as well as the 225° to a lesser extent, the vortices do 

not form nearly as strongly. There are a few, to be sure, but they lack the symmetry and persistence of the previously 

discussed cases.  

 

The last case to be analyzed is that of J=18 (Figure 8). Here one can see how the dramatically larger 

velocity of the outer jet as compared to the inner jet manifests itself. Observe how the vortices which have appeared 

in prior cases, though still present, appear more thoroughly stretched vertically, and develop further down from the 

injector exit plane. The outer jet, besides being a key component in the formation of the vortices, is pulling them 

downstream considerably faster than if they convected downstream at the inner jet velocity. This does not appear to 

be happening in the 180 case. The baseline case shows the formation of spray generally in the vertical axis, with 

some, not particularly strong, expansion to the left and the right, while all the acoustically driven cases show 

stronger fragmentation earlier. One final point: on the 180 degree excitation, there are what appear to be pulses of 

inner core matter protruding out at regular intervals and at alternating vertical position, serving as a dramatic 

illustration of the effects that the alternating velocity of the surrounding plenum have on the jet as it emerges in to 

the chamber, and that it builds to some extent, but appears to either stop growing, or grow slowly enough that it 

disperses before the effect becomes truly pronounced. 

 

 Next we will explore the cases taken at nearcritical pressures (Pr=1.05).  The first two cases to be discussed 

have J=1.7 (Figure 8) and 3.5 (Figure 9).  These are very dramatic cases illustrating the effects of both acoustics 

and phase angle. Owing to their striking similarity, the authors have decided to discuss them simultaneously. Of 

course, the most noteworthy occurrence in these cases is the total annihilation of the inner jet dark core at phases 90 

and below or 270 and above at J=1.7, and a similar, though not as dramatic, behavior in the J=3.5 case.  At J=1.7, 

for phase angles of 90 and 135 degrees, there are two, or three vortical structures that are closely spaced and then 

collapse in to a well-mixed jet. At J=3.5, there are two or three vortical structures that are much more widely spaced.  

A natural inference is that the increase in spacing follows from the increased outer jet velocity.  The driving 

frequency for J=1.7 was 3.09kHz, and for J= 3.5 it was 3.06kHz, such that this could not account for this change. 

The images were taken at a rate of 20kHz, such that the difference in the driving frequencies should not show up in a 

single frame. Only on the average would it arise, which is not the circumstance under consideration.  One could ask 

why should the jet be so profoundly truncated in these near-critical cases, when the subcritical cases showed no such 

dramatic shortening.  Certainly we still see that the greatest effect is a at the pressure antinode (0 degrees) like in 

previous cases where the pressure fluctuations are maximum. Close to the pressure node (180, 225 degrees), where 

the velocity fluctuations are the largest the jet remains the longest, or least affected.  Also the vortical structures are 

not as prominent as for the rest of the cases.  Any differences between what is happening now and what happened in 

the sub-critical case seem to be of magnitude and not of kind.  
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Figure 7. Collection of subcritical coaxial jet images for Pr = 0.45, J = 18 

 

 
 Figure 8. Collection of nearcritical coaxial jet images for Pr = 1.04, J = 1.7 

180 ° 
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Figure 9. Collection of nearcritical coaxial jet images for Pr = 1.04, J = 3.5 

 For the case of J=10 (Figure 10), the acoustics are having less of an effect, similar to what the subcritical 

cases showed at the largest momentum flux ratios. The toroidal vortices are still apparent though. The baseline case 

is longer than the rest, implying that acoustics do affect mixing, but the effect is not linked to the phase angle. In the 

baseline case, the primary mixing mechanism between the two jets is the velocity gradient, or shear, between the 

two jets. The acoustics, however, drive the outer jet in to the inner jet by pressure or velocity gradients, and then 

strong mixing occurs for certain conditions.  The large vortical structures prompted by the acoustics act as mixing 

enhancements for the jet. The last case corresponds to J=20 (Figure 11). This case corroborates the points made in 

the J=10 case. The inner jet dark core for the baseline is significantly longer than the perturbed cases; but the dark 

cores for the perturbed cases are about equal regardless of the phase angle. Therefore, once perturbed, the system 

collapses into one basic mixing regime, regardless of the phase of the perturbation. Since they are shorter than the 

J=10, their mixing is more rapid, and the chief difference between the two is the momentum flux of the outer jet. 

Consequently, in this high J condition, all the perturbations introduced collapse the system and it assumes a mixing 

length based primarily on J. 
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Figure 10. Collection of subcritical coaxial jet images for Pr = 1.04, J = 10 

Figure 11. Collection of subcritical coaxial jet images for Pr = 1.04, J = 20. 
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 Finally, we can put all these results together in the form of plots of the dark core length at the various phase 

angles normalized by the dark core length at the baseline case.  Figure 12 shows the results for the case of subcritical 

pressure.  In here we can see that for the two lower J values, 0.09 and 0.36, the largest reduction is for a pressure 

antinode and the jet is less reduced close to the pressure node.  The case for J=1.93 is very interesting since it would 

seem like the jet is actually getting longer at the pressure node.  This should be taken with a word of caution.  The 

way the dark core length is calculated is solely based on thresholding the image to black and white pixels depending 

on the distribution of the brightness of the image.  That is, the routine cannot distinguish very well between a 

continuous dark core and an agglomeration of very fine droplets, which is more like what is happening here.  The 

point to take away is that for the case J=1.93 there is very fine atomization occurring close to the pressure node, 

which makes the dark core appear longer.  As the J value increases the reduction decreases and the dependence with 

phase angle also ceases.   For the case of Nearcritical pressures (Figure 13), the results are qualitatively the same, 

except that we don’t have a case with J=1.93 so we can’t make a direct comparison with the similar case in the 

subcritical regime.  Also note that for J=1.6 and 3.47 there are dramatic reductions on the dark core length at the 

pressure antinode.  Finally for the case of J=20 there does not seem to be a dependence on the phase angle. 

 

 

 
 

 

  

Figure 12. Normalized Inner Jet Dark Core Length as a Function of Phase Angle for Subcritical Pressure. 

 

Figure 13. Normalized Inner Jet Dark Core Length as a Function of Phase Angle for Nearcritical Pressure. 
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IV. Conclusions 
 

An experimental study was carried out to explore the effects of a transverse acoustic field on a flush shear coaxial 

injector. The magnitude of the acoustic pressure was 1.7-4% the mean chamber pressure. Two chamber pressures 

were studied, 1.5 MPa (Pr=0.45) and 3.5 MPa (Pr=1.05).  The outer to inner jet velocity ratio varies from ~1.5 to 17 

and the outer to inner jet momentum flux ratio (J) varies from ~0.09 to 20.  It was found that for the single jet limit 

in the case of the subcritical pressures the jet was destroyed by the acoustics close to a pressure antinode.  At the 

other extreme, the pressure node, the jet exhibited necking and fine vaporization downstream of the neck.  For 

moderate ranges of J values (1.9-7.8) the jet responded to the phase of the acoustic field with the largest reduction 

around the pressure antinode.  Large vortical structures emanating from the inner jet and enhancing the mixing 

between the two jets were evident for these cases, except for the case of pressure nodes, where such structures were 

much less conspicuous. The shedding frequency of the vortical structures coincides with the driving frequency. For 

the case of J=18, the effect of acoustics became independent of phase angle.  While there was still a reduction on the 

core length, it was about the same for all cases.  The vortical structures were still evident for this case but less 

pronounced than in lower J cases.    

The most dramatic effects were found for the nearcritical pressure for J=1.7 and 3.5.  For those cases, the 

reduction of the dark core at the pressure antinode was about 90% of the baseline case.  For those cases, you can still 

see vortical structures but they involve the whole inner jet flow and downstream of the first one or two vortical 

structures, one cannot distinguish the inner jet anymore.  Complete mixing seems to have been achieved.  As the J 

number increased, the effect diminished quantitatively but remained the same qualitatively.  Except for the case of 

J=20 where the reduction in dark core also became independent of phase angle.  
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Table 1. Run Conditions 
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